results demonstrate that corticospinal excitability is not different between arm cycling and a tonic contraction at motor output onset, but supraspinal excitability is enhanced during steady-state arm cycling. This suggests a similarity in the way the corticospinal tract initiates motor outputs in humans, regardless of the differences that present themselves in the later, steady-state stages.
Introduction
Animal research has demonstrated that although afferent and descending input contributes to the production of natural, smooth movement, the basic characteristics for rhythmic motor outputs can be generated solely by spinal circuitry (Sherrington 1906) . The essential pattern of alternating activation of functional antagonists has been shown to originate in spinally mediated networks of cells known as central pattern generators (CPGs) (Grillner 1981; Jordan 1998) . During fictive locomotion and fictive scratch, the biophysical properties of spinal motoneurones are modulated in a state-dependent manner (i.e., rest vs motor output) that acts to enhance motoneurone excitability. These properties include hyperpolarization of the voltage threshold required to initiate action potentials (Krawitz et al. 2001; Power et al. 2010) , reduction of the motoneurone after hyperpolarization (AHP) period (Brownstone et al. 1992; Power et al. 2010 ) and intrinsic, voltage-dependent depolarizations of the membrane potential (Brownstone et al. 1994; Power et al. 2010) . Interestingly, the changes in spinal motoneurone properties occur prior to motor output onset and are also task-dependent in that the same Abstract This is the first study to examine changes in corticospinal excitability to the biceps brachii during the onset of arm cycling from a resting position to a point when steady-state arm cycling was obtained. Supraspinal and spinal excitability were assessed using motor-evoked potentials (MEPs) elicited via transcranial magnetic stimulation and cervicomedullary evoked potentials (CMEPs) elicited via transmastoid electrical stimulation, respectively. Evoked responses were recorded from the biceps brachii during elbow flexion (6 o'clock relative to a clock face) for both arm cycling and an intensity-matched tonic contraction at three separate periods: (1) immediately at the onset of motor output and after completion of the (2) 4th revolution and (3) 9th revolution. There was no difference during initiation between tasks for MEP (P = 0.79) or CMEP amplitudes (P = 0.57). However, MEP amplitudes were significantly larger during arm cycling than an intensity-matched tonic contraction after the completion of the 4th (Cycling 76.48 ± 17.35 % of M max , Tonic 63.45 ± 18.45 % of M max , P < 0.05) and 9th revolutions (Cycling 72.37 ± 15.96 % of M max , Tonic 58.1 ± 24.23 % of M max , P < 0.05). There were no differences between conditions in CMEP amplitudes at the 4th (Cycling 49.6 ± 25.4 % of M max , Tonic 41.6 ± 11.2 % of M max , P = 0.31) or the 9th revolution (Cycling 47.2 ± 17.0 % of M max , Tonic 40.8 ± 13.6 % of M max , P = 0.29). These 1 3 motoneurone behaves differently depending on whether the motor output is engaged in a rhythmic and alternating (e.g., scratch) or a tonic motor output (i.e., fictive stance).
Indirect evidence suggests that similar to quadrupeds, rhythmic and alternating motor outputs in humans, such as walking and cycling, are also driven, in part, by spinally mediated CPGs (Capaday et al. 1999; Zehr and Stein 1999; Zehr et al. 2004; Carroll et al. 2006) . Unlike quadrupeds whereby CPG-mediated motor outputs can be elicited in the absence of supraspinal input, such as following a spinal transection (Sherrington 1906) , supraspinal input is required to initiate and maintain CPGmediated motor outputs in humans. It is presently unclear when task-dependent (i.e., rhythmic vs tonic) differences in corticospinal excitability arise during movement onset (rest to steady state).
A common method to determine the underlying neural mechanism(s) responsible for generating rhythmic and alternating movements in humans has been to compare various measures (e.g., motor-evoked potentials, cervicomedullary motor-evoked potentials, and H-reflexes) during rhythmic tasks with those same measures taken during an intensity-matched tonic contraction (hereafter referred to as tonic contraction) (Capaday et al. 1999; Zehr and Chua 2000; Zehr et al. 2003; Carroll et al. 2006; Hundza et al. 2012; Petersen et al. 2012; Forman et al. 2014; Copithorne et al. 2015) . These two motor outputs are compared because the generation of the basic rhythmic and alternating pattern of muscle activity during arm cycling is, in part, by spinal interneuronal networks (Zehr et al. 2004) . A tonic contraction of similar muscle groups is chosen to represent a similar level of motoneurone output, but with reduced or absent activation of spinal interneuronal groups contributing to the generation of rhythmic activation during arm cycling.
Using this approach, we recently examined the excitability of the corticospinal pathway both prior to and during arm cycling by assessing motor-evoked potentials (MEPs) elicited via transcranial magnetic stimulation (TMS) and cervicomedullary evoked potentials (CMEPs) elicited via transmastoid electrical stimulation (TMES). Comparison of MEPs and CMEPs is used to gain an understanding as to whether observed changes in corticospinal excitability are of predominantly supraspinal or spinal origin, respectively (Taylor 2006) . We demonstrated that supraspinal, not spinal excitability, to the biceps brachii is enhanced prior to arm cycling, but was not different from a tonic contraction (i.e., not task dependent) (Copithorne et al. 2015) . Prior to this, we demonstrated that supraspinal and spinal excitability are higher during steady-state (i.e., 60 rpm) arm cycling than a tonic contraction (Forman et al. 2014 ). These findings suggest that a common neural drive may be used to prime the motor system prior to motor output (Copithorne et al. 2015) and that task-dependent differences in the neural control of these motor outputs are not evident until the motor outputs have already begun (Forman et al. 2014) .
Only two studies have assessed supraspinal and spinal excitability of the nervous system during the transition from rest to ongoing motor output (Hiraoka and Abe 2007; Goto et al. 2014 ). Hiraoka and Abe (2007) demonstrated that the pre-movement increases in corticospinal and decreases in spinal excitability to the ankle musculature were maintained once gait was initiated, while Goto et al. (2014) demonstrated that task-dependent (i.e., rhythmic vs discrete) differences in corticospinal excitability were not evident at the onset of motor output but did occur during later movement cycles. Though providing valuable information regarding corticospinal excitability during the initiation of motor outputs, Hiraoka and Abe (2007) assessed the stance leg, not the swing leg, and it is unlikely that the rhythmic motor output used by Goto et al. (2014) involved the operation of a CPG given the brief pauses at the end of the flexion and extension phases. Thus, corticospinal excitability has not been assessed in an active muscle group during the initiation of a motor output that involves the operation of spinal CPG.
The purpose of the present study was to determine when task-dependent differences in the corticospinal excitability to the biceps brachii from the onset of arm cycling, a CPGmediated motor output, to a point where a constant cadence was reached in comparison with a tonic contraction. To do this we measured MEPs and CMEPs, at three points during the motor outputs: (1) during the initiation of arm cycling (movement onset), (2) after the completion of the 4th revolution, and (3) after the completion of the 9th revolution. Our first hypothesis was that corticospinal excitability would be similar between the two motor outputs during the initiation of the motor outputs given the similar changes we have demonstrated to occur prior to both motor outputs and that arm cycling would not be rhythmic and alternating at this time point (Copithorne et al. 2015) . Our second hypothesis based on our previous findings (Forman et al. 2014) was that supraspinal excitability would be enhanced during the 4th and 9th revolutions.
Methods

Ethical approval
Procedures were verbally explained to the volunteers and written consent was obtained prior to participation in the study. This study was conducted in accordance with the Helsinki declaration and approved by the Interdisciplinary Committee on Ethics in Human Research at Memorial University of Newfoundland (ICEHR# 20150990-HK).
Procedures were in accordance with the Tri-Council guideline in Canada, and potential risks were fully disclosed to participants.
Participants
Ten male volunteers (22.8 ± 1.8 years of age, 85.3 ± 7.3 kg) were recruited for this study. Participants were excluded from the study if they had any known neurological impairments or were unfit for vigorous physical activity. Prior to the experiment, all volunteers were required to complete a magnetic stimulation safety-checklist in order to screen for contraindications to magnetic stimulation (Rossini et al. 2015) . Additionally, participants were asked to complete a Physical Activity Readiness Questionnaire for Everyone (PAR-Q+ ; Canadian Society for Exercise Physiology) to screen for any contraindications to exercise or physical activity.
Experimental setup
This study was carried out with the use of an arm cycle ergometer (Monark Rehab Trainer, model 881E, see Fig. 1a ). Participants were seated upright and placed at a comfortable distance from the hand pedals so that the elbows did not fully extend during cycling. This ensured that there was no variation in trunk posture during movement (leaning forward or back). Seat height was adjusted so that the shoulders of each individual were approximately the same height as the crank shaft of the ergometer and the hand pedals were fixed 180° out of phase. For all cycling trials participants wore wrist braces to limit wrist flexion/ extension during cycling, thus allowing better isolation. This was done to better isolate the biceps brachii as heteronymous reflex connections exist between the wrist flexors and biceps brachii (Manning and Bawa 2011) .
For this study, measurements were taken at a single crank position; 6 o'clock relative to a clock face, whereby 6 o'clock was defined as the "bottom dead centre" of a full revolution. This position was made relative to the hand dominance for each individual. For example, 6 o'clock for a right-handed participant occurred when their right hand was positioned at "bottom dead centre" of the arm crank. For a left-handed individual, 6 o'clock occurred when their left hand was positioned at "bottom dead centre." This position represents a highly active phase of the biceps brachii during arm cycling as it occurs during the portion of arm cycling where the elbow is flexing.
Measurements were taken during two separate motor tasks: arm cycling and a tonic contraction. In this context, 'intensity-matched' refers to the fact that the EMG of the biceps brachii was the same for each motor task (Forman et al. 2014; Copithorne et al. 2015) . For arm cycling, participants started at rest with their dominant hand at the 5 o'clock position (the position that precedes peak biceps brachii activity). Following the initiation of arm cycling, measurements were then taken during three separate periods at the 6 o'clock position; (1) immediately after the initiation of pedal movement, as the pedal reached the 6 o'clock position for the first time (defined as movement initiation), (2) after 4 complete revolutions had occurred (at which point the participants were accelerating), and (3) after 9 complete revolutions had occurred. Upon completing 9 revolutions, participants had reached a consistent cycling cadence of 60 rpm, and this measurement was defined as 'steady state.' For the sake of simplicity, these points throughout the movement will henceforth be referred to as the following: measurements taken during initiation (as the pedal first travels from 5 to 6 o'clock) will be labeled as 'initiation'; measurements taken during the completion of the 4th revolution will be labeled as 'rhythmic 4 (R4)'; and measurements taken during the completion of the 9th revolution will labeled as 'rhythmic 9 (R9).'The order of these conditions was randomized and responses were elicited automatically as the hand pedal passed the 6 o'clock position. Following arm cycling, the ergometer pedals were locked in place and measurements were taken, while participants produced a tonic contraction that was matched to the EMG (Forman et al. 2014 Copithorne et al. 2015) of each of the three respective cycling conditions. These revolutions/conditions were chosen because initiation represents the earliest point of voluntary EMG as arm cycling begins. Consequently, it is the earliest point during the progression of arm cycling from rest to voluntary motor output that the transition of corticospinal excitability from "not task-dependent" to "task-dependent" could have occurred. Pilot work demonstrated that the 9th revolution (R9) occurs during steady-state arm cycling and the 4th revolution (R4) was chosen as another assessment point that occurred midway between 'initiation' and R9.
Electromyography recording
EMG activity of the biceps brachii and triceps brachii of the dominant arm was recorded using pairs of surface electrodes (MeditraceTM 130 ECG conductive adhesive electrodes). Electrodes were positioned over the midline of the biceps brachii and on the lateral head of the triceps brachii. A ground electrode was placed on the lateral epicondyle of the tested limb. Prior to electrode placement over recording sites, the skin was thoroughly prepared by removal of dead epithelial cells (using abrasive paper) followed by sanitization with an isopropyl alcohol swab. EMG was collected on-line at 5 kHz using CED 1401 interface and Signal 5 (Cambridge Electronic Design Ltd., Cambridge, UK) software program. Signals were amplified (gain of 300) and filtered using a three-pole Butterworth with cutoff frequencies of 10-1000 Hz.
Stimulation conditions
Motor responses were recorded from the biceps brachii using three separate stimulation techniques: brachial plexus electrical stimulation at Erb's point; TMES; and TMS. All volunteers had prior experience with all three stimulation procedures. The intensities of the stimulations were determined while participants had their hands placed on the hand pedals of the ergometer. Their dominant hand was placed at the 6 o'clock position and their non-dominant hand at the 12 o'clock position. In this posture, participants were then instructed to produce 5 % of their biceps brachii maximal voluntary EMG (MVE; described below) by pulling against the locked handles.
In order to determine each participant's MVE, the activation level of both muscles were assessed during a maximal, 10 s, arm cycling sprint. Participants were seated behind a table-mounted Monark Wingate Testing Ergometer (model 849E) that had been fitted with hand pedals. After a 2-min warm-up of arm cycling at a self-selected cadence, participants were instructed to begin cycling as fast and as hard as they could. Once they reached a cadence of 100 rpm, a load of 5 % of the individual's bodyweight was automatically applied to the pedals. Participants then continued cycling at maximal effort for 10 s. From this trial, peak power and MVE of the muscles were determined. MVE was calculated by taking a root mean square (RMS) of the raw EMG using a 25 ms moving average. Unlike isometric maximal voluntary contractions (MVCs) where EMG is relatively consistent, maximal cycling results in phases of high muscle activity and low muscle activity, with a peak occurring once every revolution. The max value of each of these peaks from the RMS signal was summed and averaged from the middle 4 s of the 10 s trial (3-7 s; approximately 8-10 peaks depending on the individual). The middle 4 s were chosen to avoid measurements during the initial phase involved in overcoming the added resistance and to avoid potential fatigue effects toward the end of the 10 s sprint. Following 10 min of rest, participants were then moved over to the Monark Rehab Trainer to determine the stimulation intensities that were used for the remainder of the experiment. For all stimulations, participants were instructed to produce 5 % of their biceps brachii MVE by pulling against the locked pedals (i.e., tonic elbow flexion). Participants were shown a horizontal line on a computer monitor equal to the 5 % biceps brachii MVE and were asked to reach and maintain that line. Stimulations were elicited during this activity (see below).
Brachial plexus stimulation
The M max (maximal M-wave, or maximal compound muscle action potential) of the biceps brachii was first determined by eliciting M-waves through electrical stimulation of the brachial plexus at Erb's point (DS7AH, Digitimer Ltd., Welwyn Garden City, Hertfordshire, UK). A pulse duration of 200 µs and intensities of 132.1 ± 36.1 mA were utilized. The cathode was placed in the supraclavicular fossa and the anode on the acromion process. The initial stimulation intensity was set at 25 mA and gradually increased until the elicited M-waves of the biceps brachii reached a plateau. The plateau stimulation was then increased by 10 % to ensure maximal M-waves were elicited throughout the study (Forman et al. 2014 Copithorne et al. 2015) .
Tmes
TMES was delivered using Ag-AgCl surface electrodes applied just inferior to the mastoid processes. The pulse duration was set at 100 µs, with stimulation intensities of 230.7 ± 31 mA (DS7AH, Digitimer Ltd., Welwyn Garden City, Hertfordshire, UK). Stimulation intensity started at 25 mA and was gradually increased until the average of 8 CMEP amplitudes fell within the target limit. For this study, the acceptable target range was 15-20 % of the individual's M max (determined above). This stimulation intensity was then used throughout the remainder of the experiment.
TMS
MEPs were elicited via TMS using a Magstim 200 (Magstim, Dyfed, UK). Stimulations [50.1 ± 7.7 % of maximum stimulator output (%MSO)] were delivered over the vertex with a circular coil (13.5 cm outside diameter). Vertex was determined by measuring the mid-point between the participant's nasion and inion, and the mid-point between the participant's tragi. The intersection of these two points was measured, marked and defined as vertex (Power and Copithorne 2013) . The coil was held tangentially to the participant's skull, or approximately parallel to the floor, with the direction of the current flow preferentially activating either the left or right motor cortex (depending on hand dominance; left for right-handed individuals and right for left-handed individuals). The coil was held firmly against the participant's head by one of the investigators to ensure careful and consistent alignment over vertex for each trial. Stimulation intensity started at approximately 25 %MSO and was gradually increased until the average of 8 MEP amplitudes matched the average CMEP amplitude previously determined (i.e., approximately 15-20 % of the individual's M max ). This %MSO was then used throughout the remainder of the experiment.
Experimental protocol
After the stimulation intensities were determined, the hand pedals were unlocked and a resistance of 5 % of the individual's peak power output (determined from the 10-second sprint) was set on the ergometer. Participants were positioned with their dominant hand at the 5 o'clock position (immediately before 6 o'clock where they would be receiving stimulation) and their non-dominant hand at 11 o'clock. They were then instructed to begin cycling based on external cues from an automated audio program (Audacity 2.0.5). A 'preparation tone' was first given (frequency, 200 Hz; duration, 100 ms), followed one second later by a 'go tone' (frequency of 100 Hz; duration, 100 ms). Upon hearing the 'go tone,' participants were told to begin cycling at a comfortable pace and were asked to reach and maintain a target cadence of 60 rpm. A 'stop tone' (frequency, 300 Hz; duration, 100 ms) was then given 15 s after the 'go tone', which was a signal to the participant to cease cycling. This time period was considered a single trial with one stimulation elicited per trial.
Two M-waves were first elicited during arm cycling for each of the three conditions (initiation, R4 and R9; 6 stimulations total). The conditions were randomized and participants were not told when they would be receiving the stimulation. Following this, 6 MEPs and 6 CMEPs were then delivered during arm cycling for each condition, with an additional 10 trials void of stimulation (46 trials total). Their order was randomized and participants were not informed which stimulation (if any) they would be receiving. Finally, 2 additional M-waves were delivered randomly during arm cycling for each condition.
Pre-stimulus EMG of the biceps brachii (defined as a 50 ms, rectified average of the EMG activity immediately prior to the point of stimulation) was measured following all arm cycling trials (Forman et al. 2014 . These values were then grouped and averaged according to the condition in which they occurred. The purpose of this step was to match the EMG between motor tasks as muscle activity can influence evoked responses. Once found, the hand pedals were once again locked with the dominant hand placed at the 6 o'clock position. Participants were shown a horizontal line in an RMS channel on a computer monitor that reflected the pre-stimulus EMG value for a given cycling trial (i.e., initiation, R4 or R9). Participants were instructed to match that line as closely as possible by pulling against the locked handles. A total of 10 MEPs and 10 CMEPs were delivered randomly within the same configuration, followed by a separate configuration of 3 M-waves. Together, this represented a single tonic condition, which coincided with one cycling condition (3 in total). The order of the tonic conditions was randomized.
Measurements
Data was analyzed off-line using Signal 5 software (CED, UK). The peak-to-peak amplitudes of MEPs, CMEPs and M-waves of the biceps brachii were measured. The peakto-peak amplitudes for all evoked potentials were measured from the initial deflection of the voltage trace from the background EMG to the return of the trace to background levels. Because changes in MEP and CMEP amplitudes can be the result of changes to the M-wave, both MEPs and CMEPs were normalized to the M-wave evoked during the same experimental condition. Pre-stimulus EMG of both the biceps and triceps brachii (defined as a 50 ms, rectified average of the EMG activity immediately prior to the point of stimulation) were measured post-collection following all arm cycling and tonic trials.
Statistics
Statistics were performed using IBM's SPSS Statistics version 22. A paired t test was used to examine differences in the initial, matched MEP, and CMEP amplitudes (normalized to M-wave). Comparisons between measurements made during arm cycling and the tonic contraction were also performed using separate paired t-tests given that each condition (i.e., initiation, R4 and R9) was treated as an independent factor to examine task-dependent changes in corticospinal excitability. All statistics were performed on group data and a significance level of P < .05 was used. All data are reported as mean ± SD and illustrated in figures as mean ± SE. Figure 1c shows group MEP and CMEP amplitudes taken during the initial setup where participants produced a tonic contraction of 5 % of their MVE determined from the 10-second, maximal cycling sprint (see Methods). The target range for each participant was 15-20 % of the individual's M max . There was no significant difference between MEP and CMEP amplitudes (P = 0.579) (Fig. 1c) . Figure 2 shows a representative example of the MEP, CMEP, and M-wave amplitudes during arm cycling and tonic contraction for the three different conditions. Group data (Fig. 3a) revealed that there were no differences in MEP amplitudes between arm cycling and a tonic contraction for initiation (P = 0.79). MEP amplitudes elicited during R4 for arm cycling were significantly larger compared to tonic contraction (Cycling 76. of M max , Tonic 63.45 ± 18.45 % of M max , P < 0.05). MEP amplitudes were also significantly larger during R9 for arm cycling compared to tonic contraction (Cycling 72.37 ± 15.96 % of M max , Tonic 58.1 ± 24.23 % of M max , P < 0.05). A one-way, repeated-measures ANOVA showed that there was no main effect of condition within arm cycling (P = 0.67). There was also no main effect of condition within the tonic contraction (P = 0.07). Figure 3b , c shows the results of pre-stimulus EMG produced prior to TMS for the biceps and triceps brachii, respectively. There were no differences in the biceps brachii pre-stimulus EMG between the cycling and tonic tasks for any condition (Initiation P = 0.676; R4 P = 0.862; R9 P = 0.738). However, there was a main effect of condition, with the biceps brachii pre-stimulus EMG decreasing during arm cycling (P < 0.05) and during the intensity-matched tonic contractions (P < 0.05). There was no difference in pre-stimulus EMG of the triceps brachii between tasks for initiation or R9 (Initiation P = 0.142; R9 P = 0.163). There was, however, a significant difference in triceps brachii pre-stimulus EMG for R4, with EMG during the tonic contraction larger than arm cycling (Cycling 4.99 ± 1.2 % of max, Tonic 6.68 ± 2.55 % of max, P < 0.05). There was no main effect of condition for triceps brachii pre-stimulus EMG for arm cycling (P = 0.071) or for the tonic contractions (P = 0.072). However, while the differences across conditions for triceps brachii pre-stimulus EMG were not significant, the EMG followed a similar pattern as the biceps brachii pre-stimulus EMG (decreasing across conditions; Fig. 3b, c) .
Results
Matched stimulations
Corticospinal excitability
Spinal excitability
In order to differentiate supraspinal and spinal influences on changes to MEP amplitudes between tasks, we examined CMEPs as a measure of spinal excitability. Figure 2 shows a representative example of the CMEP amplitude differences between arm cycling and tonic contraction for the three different conditions. Figure 4a shows the group data for CMEPs elicited during both tasks for the three conditions. There were no differences between arm cycling and the tonic contraction at initiation (P = 0.57), R4 (P = 0.311), or R9 (P = 0.291). There was also no main effect of condition for arm cycling (P = 0.926) or tonic contraction (P = 0.09). Figure 4b , c shows the results of pre-stimulus EMG produced during TMES trials for the biceps and triceps brachii, respectively. Similar to MEPs, contraction intensity can influence the evoked CMEP amplitude following TMES. Thus, in order to compare CMEPs between tasks, the prestimulus EMG must be matched. There were no differences in pre-stimulus EMG in the biceps brachii between arm cycling and the tonic contraction during initiation (P = 0.979), R4 (P = 0.539) or R9 (P = 0.615). There were also no main effects of condition for arm cycling (P = 0.223) or tonic contractions (P = 0.066). There were no differences in triceps brachii pre-stimulus EMG between tasks for initiation (P = 0.304), R4 (P = 0.415), or R9 (P = 0.154). There was also no main effect of condition for either arm cycling (P = 0.232) or the tonic contractions (P = 0.185). 
Fig. 3
Group data (mean ± SE, n = 10) for a MEP amplitude, b prestimulus EMG of the biceps brachii, and c pre-stimulus EMG of the triceps brachii. Values from arm cycling (black bars) and tonic contractions (white bars) are shown for the three conditions. MEP amplitudes are expressed relative to the M max taken during the same condition and EMG is expressed relative to the maximum EMG found during the 10 s, maximal arm cycling sprint. Asterisks denote a significant difference (P < 0.05) between arm cycling and the tonic contraction
Discussion
This study is the first to demonstrate that corticospinal excitability to the biceps brachii is similarly modulated at the initiation/onset of arm cycling and tonic contraction (Figs. 3a, 4a ). Corticospinal excitability was higher during arm cycling, however, during conditions 2 and 3 (Fig. 3a) when a constant cadence had been obtained, whereas there were no task-dependent differences in spinal excitability during either condition (Fig. 4a) . Thus, supraspinal excitability was enhanced to a larger degree following arm cycling initiation when compared to a tonic contraction.
Cycling initiation
The findings of the current study are similar to previous work we have done regarding pre-movement changes in corticospinal excitability (Copithorne et al. 2015) . In that study, we assessed corticospinal and spinal excitability to the biceps brachii prior to the initiation of both arm cycling and tonic contraction. We demonstrated that although supraspinal excitability increased (i.e., increased MEP amplitude and no change in CMEP amplitude) at rest prior to both motor outputs, there were no task-dependent differences. We concluded that a common neural drive, or at least the amount of descending input, is likely used to prime the motor system regardless of the ensuring motor output. Given the similarity of the results during cycling initiation in the present study, it thus appears that the pattern of corticospinal modulation observed prior to movement (Copithorne et al. 2015) continues once the motor outputs are initiated (i.e., enhanced supraspinal excitability-see below). Our findings are in agreement with Hiraoka and Abe (2007) who assessed supraspinal and spinal excitability to the soleus and tibialis anterior prior to and during gait initiation by assessing TMS-evoked MEPs and the H-reflex, respectively. They demonstrated that prior to gait, spinal excitability to the soleus decreased whereas supraspinal excitability to both the soleus and the tibialis anterior increased. These pre-movement changes in corticospinal excitability were then maintained once gait was initiated (i.e., first step). Importantly, however, the leg assessed in that study was the stance leg, not the swing leg. The swing leg was first used to step forward followed by the stance leg, meaning that measures of corticospinal excitability were taken: (1) following gait initiation in the contralateral swing leg and (2) in the non-rhythmically active stance leg. Corticospinal excitability was not assessed at later time points during gait when the motor output was rhythmic and alternating.
Potential mechanisms underlying similar levels of corticospinal excitability between tasks at motor output initiation
Though we did not measure cortical excitability in the present study, there is evidence of increased intracortical facilitation prior to motor output leading to enhanced input to the primary motor cortex from other cortical areas involved in motor planning (Nikolova et al. 2006) . There is also evidence of reduced interhemispheric inhibition (i.e., disinhibition) of the motor cortex during movement preparation (Duque et al. 2010) . These mechanisms, either combined or independently, could lead to increased excitability of the Group data (mean ± SE, n = 7) for a CMEP amplitude, b pre-stimulus EMG of the biceps brachii, and c pre-stimulus EMG of the triceps brachii. Values from arm cycling (black bars) and tonic contractions (white bars) are shown for the three conditions. CMEP amplitudes are expressed relative to the M max taken during the same condition, and EMG is expressed relative to the maximum EMG found during the 10 s, maximal arm cycling sprint. Asterisks denote a significant difference (P < 0.05) between arm cycling and tonic contraction 1 3
corticospinal neurones activated prior to, and at the initiation of, various motor outputs. While we propose that the modulation of supraspinal excitability during the initiation of arm cycling is similar to tonic contraction, it is worth noting the similarities of the two motor outputs at motor output onset. During motor output initiation, arm cycling is not truly a rhythmic and alternating motor output and does not display the characteristic, alternating activation of functional antagonists (reciprocal activation of the elbow flexors and extensors). Thus, whether or not the spinal CPG is truly engaged at this point of the motor output is questionable. Given this similarity, it is perhaps not surprising that corticospinal excitability was similar between tasks at motor output onset. Afferent input may also be similar between the two tasks. Activation of group Ia afferents takes place during arm cycling, which involves the rapid stretching and shortening of the biceps and triceps brachii as the motor output alternates between elbow extension and flexion, respectively. While their input to the motor pools is likely reduced via reciprocal inhibition, they still provide some afferent feedback throughout the movement (Crone et al. 1987; Nielsen et al. 1992) . However, both the amplitude and the rate of stretch that would have occurred when measurements were taken during initiation for arm cycling would have been diminished in comparison to steady-state arm cycling. In fact, the subtle movement of the upper limbs during the initiation of arm cycling may have been comparable to the minor movement seen during a tonic contraction. If this was the case, then the influence of group Ia afferents between the two tasks may have been similar.
Later phases of arm cycling
In the present study, supraspinal, but not spinal excitability was significantly higher during arm cycling at conditions 2 and 3 compared to tonic contraction. This was demonstrated by an increase in the size of the MEP amplitudes (Fig. 3a) and no change in CMEP amplitudes (Fig. 4a) . The current results replicate our previous findings (Forman et al. 2014 ) whereby MEP amplitudes were significantly larger during arm cycling than during tonic contraction. We suggested that this increase in MEP amplitude was due to enhanced excitability of cortical neurones, thus facilitating their activation via TMS. From a motor control standpoint, this may be a mechanism for the motor cortex to ensure adequate muscle activation to the prime mover during the propulsive phase of cycling.
Similar findings have been previously reported (Goto et al. 2014) . Goto et al. (2014) examined corticospinal and spinal excitability of the soleus and the tibialis anterior between two different motor tasks: rhythmic and discrete ankle movement. They demonstrated that there was no difference in corticospinal or spinal excitability between discrete movement and the first cycle of rhythmic movement, indicating that neither supraspinal nor spinal excitability were mediated differently between tasks. However, tibialis anterior MEPs elicited during the 10th cycle of rhythmic ankle movement were significantly larger than MEPS elicited during discrete ankle movement. The authors surmised that the initial cycle and the forthcoming steady-state cycles must therefore be under different control. There is no evidence, however, that the type of motor output used in that study involved the operation of a spinal CPG, unlike arm cycling (Zehr 2005) . The motor output used by Goto et al. (2014) was also unilateral and did not involve movement about several joints simultaneously as is the case with arm cycling. Moreover, the enhanced tibialis anterior MEP amplitude during the later phases of the rhythmic motor output was during plantar flexion, a time point when no task-dependent difference in soleus MEPs was observed. This further illustrates the phase-and muscle-dependent nature of task-dependent changes in nervous system excitability, thus limiting the generalizability of the findings in the legs to those in the arms.
Potential mechanisms underlying task-dependent differences in supraspinal excitability during motor output
Though previous work has demonstrated that the cortex actively contributes to CPG-mediated motor outputs (Petersen et al. 2001 (Petersen et al. , 2012 Sidhu et al. 2012) , the mechanisms associated with increased cortical excitability as compared to a tonic contraction have not been elucidated. Cortical mechanisms that may involve changes in interhemispheric inhibition, long-interval intracortical inhibition and/or intracortical facilitation, for example, have not been examined. Sidhu and colleagues (Sidhu et al. 2013) recently demonstrated, however, that short-interval intracortical inhibition was not different in the knee extensors when comparing the activation phase of leg cycling and tonic contraction, suggesting that short-interval intracortical inhibition may not account for task-dependent differences in MEP during motor output.
One factor to consider for the present study is that arm cycling is a bilateral motor output. At the point when corticospinal excitability is assessed during arm cycling, the dominant limb from which recordings are made, is flexing while the contralateral limb is actively extending. During the tonic contraction condition participants were also engaging the contralateral limb in elbow extension; however, we did not record surface EMG from the contralateral limb during either task. Thus, it is possible that the elbow extensors in the contralateral limb were more active during arm cycling than tonic contraction, which may have reduced interhemispheric inhibition to a larger degree, resulting in enhanced cortical excitability and thus larger TMS-evoked MEPs. Perez and colleagues recently demonstrated that interhemispheric inhibition to the biceps brachii was reduced by voluntary contraction of the triceps brachii (Perez et al. 2014) . It is noted, however, that these findings were during tonic contractions and an intensity-dependent relationship was not examined.
Conclusion
Neither supraspinal nor spinal excitability was different between the initiation of arm cycling and tonic contraction, whereas an increase in supraspinal excitability was observed in the later phases of the movement (4th and 9th revolution). This indicates that there is a commonality in how the CNS initiates motor outputs in humans, regardless of how different those outputs may be. Consequently, it can be suggested that the initial moments of arm cycling are likely under different central control than arm cycling once it has reached steady-state. This change in modulation appears to occur at the supraspinal level, but it is currently unclear when this transition takes place or the underlying mechanisms associated with the observed changes in supraspinal excitability. Further research is required to establish a more robust understanding of how this modulation progresses throughout rhythmic motor tasks.
